ABSTRACT. An important advance in the radiocarbon dating of archaeological material occurred in the late 1990s, with direct dating of cremated human remains. A crucial part of the argument was the demonstration that comparable results could be obtained from paired dates of charcoal and calcined bone from the same contexts. Recent studies, however, have noted the influence of carbon from the fuel sources, raising a question over the interpretation of the paired charcoal/bone dates. Here, fleshed modern animal joints were burned with "old" fuel of known age, providing experimental evidence under natural conditions, demonstrating a clear effect of the fuel source on the carbon isotopic composition of calcined bone. In most situations in which branchwood was used as fuel, dates on calcined bone should not show any significant offset, as the wood will be of a similar age to the cadaver. For cases in which old wood, coal, or peat are used as fuel, we expect an offset of some decades/centuries, potentially up to millennia. We observed, however, that the amount of 14 C intake from the fuel is extremely variable (from 39 to 95%). A strong correlation between age offset and δ
INTRODUCTION
Radiocarbon dating of cremated bone has been undertaken for over a decade since it was first shown that the results obtained were comparable to those on materials from associated contexts, most commonly on charcoal (Lanting and Brindley 1998; Lanting et al. 2001; Naysmith et al. 2007 ). Minor differences have been observed between cremated bone and charcoal dates. When the bone appears younger than the associated charcoal, this difference is usually attributed to the "old-wood effect" (Lanting et al. 2001) . Comparison with dendrochonologically dated wood suggested that part of the "old wood" age was actually transferred to the bone during cremation (Olsen et al. 2012 ). This was investigated through laboratory experiments and the results indicate that the carbon isotopic composition of cremated bone apatite could be explained by four different mechanisms: (1) carbon exchanges between bone apatite carbonate and the fuel combustion gases; (2) time-and temperature-dependent fractionation of the bone apatite carbonate; (3) admixture of organic carbon (bone collagen, flesh, skin, and fats); and (4) contamination with atmospheric CO 2 . Since the atmosphere is composed of only 0.04% CO 2 , it can be assumed that its contribution is, in most cases, negligible. Therefore, there are three main possibilities, or combinations thereof, to explain the observed modification of the isotopic composition of bone after cremation (Zazzo et al. 2009; Van Strydonck et al. 2010 , 2013 Hüls et al. 2010 ).
Experimental burning of dry archaeological bone with modern wood has also been carried out outdoors, confirming the influence of the combustion atmosphere on the carbon composition of cremated bone and suggesting that fuel carbon is indeed transferred from wood to bone (Zazzo et al. 2012 ). This implies that 14 C dates obtained from calcined bone and associated charcoal will be close to one another even if of different ages before cremation. Consequently, the dates obtained from calcined bone will reflect in part the age of the wood used for cremation instead of the bone's true age. It is likely, though, that the exchange of carbon between bone and wood would not be reflected in the 14 C dates if young wood was used for cremation (Van Strydonck et al. 2010) , or, in other words, if the 592 C Snoeck et al. age difference between wood and bone is insignificant (Zazzo et al. 2012) . While making an important contribution, a problem with this experiment is that defleshed, ancient bone differs substantially from fleshed modern bone, in both its composition and structure. By using archaeological bone with only a small amount of bone collagen left (and no flesh, skin, or fats) in their experiments, Zazzo et al. (2012) removed one of the potential sources of carbon.
MATERIALS AND METHODS

Modern Bone Samples
Several fresh animal joints were obtained from local butchers, including a lamb leg, two pig ribs, a trotter and a scapula, and a cow tibia cut in two. The lamb leg, pig ribs, and cow tibia were partially defleshed while the pig trotter and scapula still retained all flesh and skin. The latter samples in particular were selected to imitate the characteristics of a recently deceased human individual as closely as possible. A small fragment of each bone was sampled before cremation for infrared and isotopic analyses.
Fuel Samples
Three different fuels were selected for the cremations: manufactured coal briquettes (Homefire Smokeless Fuel, CPL Products, UK) and two dendrochronologically dated timbers. A sample of the manufactured coal was 14 C dated. However, because it is manufactured coal (potentially heterogeneous), the age range could be much larger than shown by a single date. The two timbers were provided by Dr Daniel Miles of the Oxford Dendrochronology Laboratory: Wood 1 (AD 1730-1805) and Wood 2 (AD 1453-1607). These dates were compared to the calibration curve to obtain fraction modern carbon values (F 14 C, Table 1 ). Stable carbon isotopic (δ 13 C) measurements were also carried out on the fuel samples before cremation.
Experimental Outdoor Cremations
The experimental outdoor cremations took place on two different days to avoid cross-contamination; the cremation with manufactured coal briquettes on one day and the two pyres fueled with dendrochronologically dated wood on the other. The bones and the pyres on which they were burned, as well as the cremation durations, are listed in Table 2 . A small brick wall was built around and between the pyres in order to partially protect them from wind and, more importantly, to limit cross-contamination between the pyres. Once lit and burning well, the animal joints were placed directly onto the fire. After 90 min (or less in some cases due to rain), the bones were removed and the different parts were separated into two fractions: charred (black and dark gray) and calcined (light gray and white) bone. The results obtained by Zazzo et al. (2012) showed that, when conducting outdoor cremation experiments, once the bone has been calcined, there is no correlation between carbon exchange and cremation time on outdoor fires, so that the burns of less than 90 min should be unaffected. The temperature of the coal fire was estimated using calcite; upon recovery these were shown to have undergone thermal transformation, confirming that the fire had reached at least 700°C, the minimum temperature at which calcite is thermally degraded (Rodriguez-Navarro et al. 2009 ). This is sufficient to fully calcine bone (Lanting et al. 2001; Van Strydonck et al. 2009 ). The temperature of the wood fires was measured with a thermocouple, and was found to vary with time and position between 650 and 950°C.
Carrying out outdoor cremation experiments has many advantages compared to laboratory experiments, but this is done at the expense of a lack of control over the cremation temperature and ambient atmosphere. Nevertheless, it is more representative of authentic cremations; it allows the use of larger samples, and the ability to observe gradual macroscopic changes visually. Our experiments are intended to complement those that have been undertaken in controlled laboratory conditions (e.g. Hüls et al. 2010; Van Strydonck et al. 2010 ).
Analytical Methods
Black (charred) and white (calcined) bone fragments from the experimental fires were selected for infrared spectroscopy analyses, as well as for 14 C dating and stable isotopic measurements. For 14 C dating, the burned bone fragments were treated with sodium chlorite (1.5% at pH 3) for 48 hr to remove any remaining organics. This was followed by a treatment with acetic acid (1M) to eliminate calcite and adsorbed carbonate. The bones were then further treated with phosphoric acid (85%), and the CO 2 released was trapped cryogenically and converted into graphite before being 14 C dated (Lanting et al. 2001; Brock et al. 2010) . A fragment of the manufactured coal used for the cremation was also dated, after having been treated with HCl (1M) in order to demineralize it, NaOH (0.2M) to remove any humic acid, and with HCl (1M) for a second time to remove dissolved atmospheric CO 2 from the preceding base wash (Brock et al. 2010) . The dates were obtained by accelerator mass spectrometry (AMS) at the Oxford Radiocarbon Accelerator Unit.
Untreated fragments of charred and calcined bones were also analyzed by FTIR-ATR (Agilent Technologies Cary 640 FTIR with GladiATR
TM from Pike Technologies, US). Three aliquots were analyzed for each sample. The carbonate to phosphate ratio (C/P) was measured using the carbonate absorption band at ~1415 cm -1 and the phosphate band at ~1035 cm -1 (Wright and Schwarcz 1996; Olsen at al. 2008; Thompson et al. 2009 ). The infrared splitting factor (IRSF) was measured as detailed in Weiner and Bar-Yosef (1990) : the intensity of the peaks at ~605 and ~565 cm -1 are summed and then divided by the absorbance of the valley between these two peaks. The C/P provides an indication of the amount of carbonate left in the bone after cremation, while the infrared splitting factor (IRSF) gives information about the order of the atoms within the crystal lattice (higher IRSF for higher atomic order) and is calculated in order to assess modifications in the structure and crystallinity of bone apatite during cremation. Unburned fragments of each sample were also analyzed by FTIR-ATR. The results obtained via reflectance mode (ATR) are not directly comparable with those obtained by the transmission method (Thompson et al. 2009 ). Nevertheless, as long as the same mode is used to characterize all samples, it is possible to assess variations in carbonate content and crystallinity (no ATR correction was carried out here).
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For unburned bone collagen δ 13 C measurements, skin and flesh were removed mechanically. Lipids were removed by soaking the bone in a chloroform:methanol (1:2) mixture and ultrasonication. The bone was then demineralized with HCl (0.5M at 4°C). The collagen was subsequently extracted by adding pH 3 water at 75°C. The supernatant solution containing the dissolved collagen was then freeze-dried (O'Connell et al. 2001) . Three aliquots of approximately 1 mg of dried collagen were analyzed by mass spectrometry (Sercon Geo 2022 IRMS coupled to a Sercon Europa EA-GSL running with continuous flow of helium carrier gas 80 mL/min). The δ 13 C values of unburned bone apatite carbonate were measured by mass spectrometry at the Bradford University Stable Light Isotope Facility (Thermo Delta V Advantage equipped with Gasbench II) after pretreatment with sodium hypochlorite (1.5%) to remove organics and 100% phosphoric acid at 70°C to liberate CO 2 .
RESULTS
Structural Changes
The infrared measurements of the bone fragments before and after cremation (charred and calcined) are presented in Table 3 . The values reported are an average of the measurements taken on three aliquots of each sample. Some bone fragments were completely calcined (white) and no charred fragment could be recovered for infrared analysis.
The IRSF increases from unburned to charred and calcined bone. This is a consequence of the structural and compositional changes that occur during cremation. Organics are completely removed, a large amount of carbonates are lost, and hydroxides are incorporated into the structure, most likely replacing lost carbonates. As hydroxides are smaller than carbonates, there is an increasing atomic order resulting in a more compact structure and higher IRSF values (between 4.5 and 6 for calcined bone). Much carbonate is lost during cremation; the C/P ratios are below 0.07 in calcined bone, compared to 0.3 or higher in unburned bone. The charred bone fragments have a higher C/P ratio and a lower IRSF, showing, as expected, that the cremation was incomplete. The loss of carbonates and organics (amides), as well as the intake of hydroxides, can be seen on spectra of the unburned and calcined pig scapula (Figure 1 ). Most modern unburned and calcined mammalian bone fragments will have very similar infrared spectra. The better resolution of the two phosphate peaks is yet another indication of the more ordered structure of calcined bone apatite compared to unburned bone. There is also a small peak around 2010 cm -1 that could represent cyanamide (cf. Hüls et al. 2010; Van Strydonck et al. 2010) . The broad peak present in unburned bone between 3500 and 2800 cm -1 is due to hydroxide ions present in organic materials and/or adsorbed water. 
Carbon Exchanges between Bone Apatite and Fuels during Cremation
Changes in Stable Carbon Isotopic Composition
The stable carbon isotopic measurements are reported in Table 4 . There is a drastic, but highly variable, decrease in the δ 13 C values of bone apatite from unburned to calcined bone. For the organic fraction, both collagen (δ 13 C col ) and a mix of flesh, fat, and skin (δ 13 C org ) were measured. As expected, the values for the latter are below collagen values (Tieszen 1994) . In the following calculations, however, only collagen values were considered since it is likely that most fats, flesh, and skin would burn away faster than collagen, and so would contribute only minimally to the final carbon composition of cremated bone bioapatite. C values of calcined bone are below their respective collagen values, suggesting that there is indeed an exchange of carbon with endogenous organics and/or fuels during cremation. The amount of carbon exchange is measured using the equations below. Equation 1 supposes that the apatite exchanges carbon only with the CO 2 present in the burning atmosphere (e.g. emitted by the burning fuel; Hüls et al. 2010; Zazzo et al. 2012) , while Equation 2 supposes that the original carbon of bone 
With both equations, some bone fragments appear to have exchanged more than 100% of carbon with the fuels (Table 5 ), suggesting that another phenomenon has to be taken into account. This does not suggest, however, that there is any exchange with atmospheric CO 2 , since its isotopic value is around −7.8‰. Another possibility could be that the δ 13 C of the CO 2 released during fuel combustion is depleted compared to that of the unburned fuel. The latter hypothesis potentially contradicts results presented in other studies where charcoal is depleted in 13 C compared to unburned wood, implying that the CO 2 released is enriched in 13 C compared to unburned wood (e.g. Turney et al. 2006; Cousin et al. 2008; Hall et al. 2008) . Nevertheless, in the study carried out by Turney et al. (2006) , the δ 13 C values of the wood samples burned at 600°C are very close to those measured at 800°C, suggesting that above 600°C (at which stage full calcination of bone apatite is not yet reached), the CO 2 released by the wood will have a constant δ 13 C values that is equal to that of the charcoal recovered after cremation with an approximate depletion in 13 C of 1 to 2‰ compared to the wood before burning. In addition, no exchange greater than 100% has been observed in previous research (Hüls et al. 2010; Zazzo et al. 2012) where the δ 13 C values of the combustion atmosphere CO 2 or remaining charcoal were measured. This further suggests that the δ 13 C values of the fuel CO 2 exchanging with bone apatite (i.e. above 600°C) must be depleted compared to the unburned fuel. Another possibility, as suggested by Hüls et al. (2010) , is that there could be a carbon fractionation between the carbon present in the surrounding combustion atmosphere and bone apatite carbonate. Indeed, a fractionation has been shown to occur between calcite and CO 2 at high temperatures (Scheele and Heofs 1992) . Plans are underway to test this hypothesis. If one assumes for heuristic purposes a depletion of 2‰ compared to unburned fuel (Equations 1* and 2*), then no bone exchanges more than 100% of carbon with the fuel (Table 5) . Equations 2 and 2* present an exchange below 0% for the charred lamb bone, indicating that a significant amount of Carbon Exchanges between Bone Apatite and Fuels during Cremation endogenous bone apatite carbon is still present. 
Radiocarbon Dates
The 14 C results for charred and calcined bone fragments are presented in Table 4 . As with the δ 13 C values, the high variability in these dates is most likely due to variable carbon exchanges with collagen and fuel. If the bone exchanges more carbon with collagen, it will appear to be only slightly older than its true age, while if the bone exchanges primarily with the fuel, it can potentially appear much older than it actually is. The amount of carbon exchange with the fuel was measured with the equation below with an F 14 C value of 1.055 taken as an average for present-day carbon (Zazzo et al. 2012) . This is very similar to the values obtained by Hüls et al. (2010) for modern bovine bone collagen (1.050) and apatite (1.062). The amount of carbon exchanged with old fuel is significant in all calcined bone fragments, ranging from 39 to 95%. Zazzo et al. (2012) measured carbon exchange between 48 and 91% and Hüls et al. (2010) between 36 and 86% for calcined bone. Thus, we found a similar range even though more endogenous organics were present in and around some of the animal joints (pig trotter and scapula) during cremation. In terms of uncalibrated dates obtained, the modern pig trotter returned a date of 326 ± 22 BP when burned with wood ~480 yr old. This result is actually the most dramatic, as it indicates the replacement of nearly all of the bone's carbon with fuel carbon. It is interesting to see that this sample was fully fleshed, and thus had the largest amount of organic carbon. This supports the hypothesis according to which flesh, fat, and skin burn away before being able to exchange with apatite carbonates.
DISCUSSION
High IRSF (above 4.5) and low C/P ratios (below 0.07) confirm that the white burned bone samples were fully calcined and suitable for 14 C dating. The large variation of 13 C and 14 C exchanges (Table 5) could be explained by variation in the amount of collagen and fuel carbon around the bone during cremation. The lower exchanges with fuel observed for the cow tibia compared to the pig trotter and scapula seem to further confirm this model. Indeed, the cow tibia was much bigger and, even though it was defleshed, contained much more collagen than the pig trotter and scapula. Figure 2 plots the different F 14 C exchange percentages calculated against the δ 13 C exchange percentages (excluding the lamb bone burned with manufactured coal, since this fuel could potentially release CO 2 with a much wider F 14 C range compared to dedrochronologically dated wood, and burning bodies with coal is not representative of most archaeological cremations, though see below). In Equations 2 and 2*, the upper δ 13 C values are determined by collagen δ 13 C values and not by the value obtained for overall fat, flesh, and skin. Indeed, during the cremation process fat, flesh,
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and skin are likely to burn away before collagen does. Furthermore, collagen is closely linked to bone apatite, potentially facilitating carbon exchanges between apatite and collagen compared to exchanges between flesh, fat, and skin and apatite. Nevertheless, the authors admit that this is still work in progress and that this assumption has to be verified by further experiments. Table 6 summarizes the R 2 values and the average difference between the % δ 13 C and % F 14 C for each comparison. The strongest correlation (R 2 = 0.91) can be found when one considers that (1) the original carbon in bone apatite is entirely replaced by collagen or fuel carbon during cremation, and (2) the δ 13 C of the CO 2 released during fuel combustion is depleted (by ~2‰) compared to the δ 13 C of the fuel (Equation 2*).
If it can be confirmed that the assumptions behind Equation 2* are correct, it appears that, instead of reflecting the degree of cremation, δ 13 C values reflect the origin of the carbon with which the bone apatite has exchanged. Lower δ 13 C values suggest a greater intake of CO 2 originating from the fuel, while less negative values highlight an intake of collagen carbon. Our results confirm a correlation between the F 14 C and δ
13
C values of cremated bone, as had been noted in previous studies (Hüls et al. 2010; Zazzo et al. 2012 ). In addition, the incorporation of collagen carbon into the carbonate Table 6 Comparison of the four equations (excluding coal fire). fraction of bioapatite has been further highlighted. In the study by Zazzo et al. (2012) , all calcined bone apatite δ 13 C values are below their respective collagen δ 13 C values. The same can be said for the experiments carried out by Hüls et al. (2010) , except for the two samples burned without CO 2 , in which case collagen is the only additional source of carbon present; the final carbon isotopic composition will therefore lie between apatite and collagen δ 13 C values.
Furthermore, the gradients of Equations 1* and 2* (1.37 and 0.73, respectively) show that to have a perfect correlation between the 13 C and 14 C exchange (gradient of 1), a mixture of the original apatite carbonate and collagen carbon have to be present in the final composition of cremated bone apatite. This is in line with the results obtained by Hüls et al. (2010) and Zazzo et al. (2012) , where slopes of 1.15 and 1.04, respectively, were obtained (only considering exchanges between fuel and endogenous bioapatite carbonates). The slope of 1.04 (close to 1) obtained by Zazzo et al. (2012) could potentially be explained by the lower proportion of collagen present in archaeological bone.
The cremation of a human body is, however, a complex process, more so than has been represented by our experiments on small joints of meat. Experiments of complete animal bodies, such as the one carried out by Sheridan (2003;  Figure 3 ), should be conducted from an isotopic point of view in order to increase even more the current knowledge on isotopic exchanges occurring during cremation. The placement of the body on the pyre could potentially affect the differential uptake of endogenous versus fuel carbon. Those parts of the body closer to the pyre, for example, could be exposed to more fuel carbon, while those further away could be more affected by collagen carbon. At the same time, those parts that are further away from the flames are less likely to be fully calcined.
ARCHAEOLOGICAL IMPLICATIONS
The degree to which 14 C determinations on archaeological calcined bone are affected by fuel carbon will depend entirely on the age of the fuel used. In the great majority of cases in prehistoric Europe and elsewhere, we would expect that the offset will be minimal, since branchwood and small trunks would be the most likely sources of wood for cremation pyres (cf. Van Strydonck et al. 2010) . These might have inbuilt ages in the decadal range, but the adult human skeletal can have a similar inbuilt age due to slow carbon turnover (Geyh 2001) . That most dates on calcined bone fit with expecta-tions based on other lines of evidence (e.g. associations with material culture with independently derived chronologies) supports this assumption (e.g. Sheridan 2003) . Infant cremations might be expected to be subject to greater bias, but this would only be a factor with very high-resolution dating. On the other hand, it is entirely possible that, on occasion, significantly older wood would be used in cremations. The wood of choice for Early Neolithic houses and mortuary structures across northwest Europe, for example, was oak (Coudart 1998; Smyth 2010) . The use of structural house timbers for a cremation pyre-whether for practical or, more likely, symbolic reasons-could very well introduce an offset on the centennial scale, particularly as the house itself may have stood for some generations before falling into ruin or being dismantled to provide fuel. Such considerations may provide an explanation for a small number of unexpectedly early 14 C determinations on calcined bone (e.g. Tully court tomb, Co. Fermanagh, Northern Ireland; Schulting et al. 2012) . Furthermore, variable but sometimes substantial offsets have been noted when dating charcoal and short-lived material (charred cereals, hazelnut shells) from the same archaeological contexts, implying that the use of substantial timbers (or dead wood) for even domestic hearths was not unusual (Whitehouse et al., forthcoming) .
In other contexts, the effect might be much more dramatic. Coal has been suggested as one of the fuels used for a Bronze Age cremation in South Wales, and its use in the Romano-British period has been indicated in a public cremation pyre at Trenthome Drive, York (Dearne and Branigan 1995) . We would anticipate an offset of centuries to millennia were the calcined bone to be dated. There is also some evidence for the use of peat as a pyre fuel in Bronze Age northwest Europe (Photos-Jones et al. 2007; Sharman 2007; Sørensen and Bille 2008) . Finally, in a forensic context, the use of coal or petroleum-based fuels could potentially supply very misleading 14 C results to investigators in terms of whether unidentified cremated human remains were recent or ancient.
CONCLUSION
Additional experimental cremations still need to be carried out before the issue of carbon exchanges between bone apatite, endogenous collagen, and fuel can be fully understood. The results presented here suggest that only a small fraction of original bone apatite carbon remains in the bone after cremation, and that there is a significant carbon uptake from the different possible sources (mainly endogenous collagen and fuels, and a very limited amount, if any, of atmospheric CO 2 ). The amount of carbon intake from each different source is highly variable and appears to depend on the fuel used, the environmental conditions (e.g. wind), the position of the corpse/bone on the fire, etc. It is very likely that different cremated bone fragments of the same body will have different carbon isotopic composition (δ 13 C and F 14 C) after cremation, depending on the extent to which the bone is exposed to CO 2 generated by the body's own collagen and to that arising from the fuel. This in turn will be highly variable, depending on the position of the body, its size, the shape of the cairn, wind conditions, and so forth.
Only if the age difference between corpse and fuel is minimal will a 14 C date of calcined bone reflect the former's true age. In the great majority of cases, this is indeed likely to be the case, since the fuel for the pyre would be dead branch wood, brush, and small felled trees. In other words, 14 C dates on calcined bone in most circumstances should be a true reflection, even if indirectly, of the sample's age. If, however, there is a significant age difference between the corpse and fuel, then there can be a variable but potentially very large offset, though this itself is highly variable. The preliminary results presented here suggest that the 14 C dates of calcined bone (based on their color, C/P ratio, and IRSF) with higher δ 13 C values are likely to be closer to the bone's true age since these still contain endogenous apatite carbon and/or have taken in carbon mainly from the body itself (collagen). This relationship is indicated by the correlation observed between the variation in δ 13 C and F
14
C values on calcined bone.
The growing body of experimental results indicating the significant contribution of fuel carbon to cremated bone suggests that caution may be warranted in accepting the primacy of 14 C results on calcined bone when they conflict with other lines of evidence: particularly so in the case of outlying individual determinations that are significantly older than expected (though arguably these should be flagged in any case, as one would for any outlying or unexpected date on any other material, such as charcoal or bone collagen). Smaller systematic offsets, however, will be very difficult to detect, but may potentially skew chronologies on the order of decades. While in past circumstances, such small offsets would be well within the error limits of the 14 C method, recent and ongoing improvements in sample preparation and instrument precision, combined with increasingly sophisticated statistical analyses, mean that differences of this order may very well be significant.
